A numerical design tool was developed that greatly facilitates the design process of small UAVs. The integrated approach of the method makes it highly suitable for the aerodynamic needs of such small aircraft. Traditional design tools and methodologies are typically tailored for the design of larger aircraft, such as for general aviation, whose aerodynamics generally exhibit more linear behaviors. Building on this motivation, a user friendly integrated design tool was developed and validated in order to provide a more tailored approach to designing low Reynolds number aircraft. At the heart of the tool is a performance prediction that relies on a higher-order free wake potential flow aerodynamic code that employs viscous drag corrections. Subsequently, the method provides accurate characteristics for a wide range of Reynolds numbers and aspect ratio wings. In a validation process, the flight performance results of the method are compared with the results of other prediction methods as well as with several experimental flight test results. In general good agreement exists. The utility of the integrated design tool is demonstrated with the design application of a small UAV for a heavy lift competition. The design tool greatly streamlined the design process, limiting it to two weeks rather than the typical several months.
INTRODUCTION
Small Unmanned Aerial Vehicles, with wingspans less-than 10 m, are becoming increasingly popular for the completion of simple missions, such as by law enforcement or for remote sensing by various research groups. Student UAV design competitions, such as the AIAA Design Build and Fly and SAE Aero Design competitions, provide an ideal venue to creatively explore the realms of small UAVs with few risks and the possibility of high rewards. This paper explores an entry to the SAE Aero Design competition. The UAV designed for that competition is a small, heavy-lift UAV, which operates at relatively low chord-Reynolds numbers below approximately 200,000. The success of the aircraft at the SAE Aero Design competition relies on the gross amount of payload lifted at a maximum take-off weight of 25kg (55 lbs). Takeoff and landing distances are restricted and, therefore many detailed design studies and iterations need to be completed in order to find a satisfactory solution. The complete set of rules can be found at the competition's website ( http://students.sae.org/competitions/aerodesign/). Aside from the difficulties with the design itself, a major challenge associated with student UAV design competitions is the short design window, 2-3 months between the announcement of the rules and the desired start of testing and manufacturing, in which a significant amount of work needs to be accomplished. Considering these challenges, in combination with the challenges of low-Reynolds number flow regimes and existing design methods that are inadequate for such flight vehicles, the SAE Aero Design competition is a great setting to explore the design process of small UAVs.
In order to aid the design process a numerical design tool was employed that was devised particularly for the development of small UAVs. The design tool is called iFly. The purpose of the tool is tailored towards the needs of designing a small UAV, and towards increasing design time efficiency over traditional existing design methods. In order to accomplish these goals quickly, it becomes clear that such a design tool needs to integrate several aspects of traditional design methods, along with having the ability to quickly iterate over many design possibilities. Overall, the developed design method allows a designer to employ the numerical tool for a specific design study that focuses on a quick analysis of design iterations of several design parameters in order to narrow down the possible design space until a final solution is reached. In addition, a relatively easy-to-use user interface greatly aids the utility, especially when used by the less experienced designer of the SAE Aero Design competition.
This paper explores an entry to the SAE Aero Design competition that was designed using a numerical method particularly developed for small UAV developments. First the numerical design tool is discussed. Following this, a specific small UAV design is introduced and its design process explored.
CURRENT AIRCRAFT DESIGN METHODOLOGIES
There are many freely-available and proprietary design codes, methods, as well as standards that are used in aircraft design. A representative example is the Advanced Aircraft Analysis design software from the DARCorperation (http://www.darcorp.com/Software/AAA/). In addition, several similar design methods are described in literature Roskam [1] , Raymer [2] , Nicolai [3] , Hale [4] , Loftin [5] . While these traditional methodologies have long heritages in aeronautics, they are based on large collections of data and information for fixed wing aircraft that operate at higher chord-Reynolds numbers, above about 1,500,000, than it is typical for most small UAVs. As a consequence, these design methods result in aerodynamic and performance characteristics that can be skewed and misleading for small UAV applications. Of particular limitations are the aerodynamics that behave much more linear for large aircraft. Typical chord-Reynolds numbers of small UAVs range around 100,000, at which the existence of a substantial mix of laminar and turbulent flow as well the presence of laminar separation bubbles result in highly nonlinear aerodynamics. Subsequently, more traditional design approaches use curvefitted data that does not apply well to the approximation of the aerodynamics of small UAVs. In contrast to that, the design tool introduced in the paper takes into account the non-linear aerodynamics at these lower Reynolds numbers. For example, the methods for take-off distance analysis of the traditional design methodologies rely heavily on parameters that are derived from experimental data of aircraft that operate at significantly higher Reynolds numbers than small UAVs. The linear curve-fits of the historical collection of scattered experimental data are often an inherent source of error during design studies and analysis. This inherent error is best explained using two different take-off models. The first refers to the take-off parameter method as seen in design methods by Roskam [1] and Loftin [5] . The method utilizes a 'take-off parameter' which is a function of wing loading and power loading; this method assumes that the aircraft design for this competition would be able to take off in less than 30-m (100-ft), which is more than 3 times shorter than the actual take-off performance of the aircraft of about 111-m (365-ft). The second method used is outlined by Hale [4] ; this method utilizes a simple equation to represent the takeoff ground roll distance. Although this method supposedly over predicts takeoff distances by 10-20%, it predicts a 50-m (165-ft) distance for the same small UAV, thus 60-m (200-ft) short of the actual value. Another source of error, as explained by Spedding and McArthur [6] , is the estimation of Oswald efficiencies, which, in general, is of much smaller value for small UAVs than for large aircraft and can easily lead to considerably too optimistic performance predictions of the smaller fliers.
When designing for the relatively new flight ranges and missions, the inadequately available historical data becomes limiting at all design stages. For example, the challenges particular to the SAE Aero Design competition include developing accurate estimations of take-off distance, high angle of attack behavior at low Reynolds numbers (heavy lift competition), and low aspect ratio aerodynamic characteristics. While these are only a few examples, they highlight how traditional design methods have tendency to overlook these specific areas by relying on relatively crude takeoff estimations, high Reynolds number linear aerodynamic theory, and high aspect ratio planforms. Those factors ultimately lead to the possibility of a poorly designed small UAV.
Along with the possibility of incorrectly designing a UAV for its specific mission, the subsequent design process is lengthy and can become computationally extensive. Thus, a design method that is more suitable for small UAVs is needed and is discussed in the next section.
INTEGRATED DESIGN APPROACH
The relatively limited time frame available for the development of an UAV for the SAE Aero Design competition and the challenges of low Reynolds-number aerodynamics that are typical for small UAVs requires a new design approach. The herein discussed design tool, named iFly, allows relatively fast and accurate parametric studies that have proven invaluable in the design process for design competitions similar to the SAE Aero Design competition. The numerical design tool is based on a flight performance prediction combined with a longitudinal stability and control estimation, as well as a mission simulation part. In addition, a user-friendly interface with pull-down menus greatly simplify the application even for relatively inexperienced designers as typically encountered with undergraduate student designs. In the following section, the numerical tool is introduced and some sample results are compared with experimental findings.
Aircraft Performance Model
The aircraft performance model consists of a lift and drag prediction module and a propulsion module. Drag is predicted using a drag decomposition that is adjusted for stall, flaps deployment, and choice of airfoils. An example is shown in Figure 1 that shows the decomposed drag of a 5-kg model aircraft. The performance was predicted using the method that is discussed in the next section. The propulsion module is based on a database of various engines and their thrust versus airspeed behavior. This engine database is developed using either theoretical results, for example using the program MotoCalc (www.motocalc.com ), wind-tunnel results, or a mix of both. In either case with drag or thrust behavior, large and flexible databases add to the utility of the program. A central element to the aircraft performance model is the aerodynamic prediction modulus that is based on a potential flow method called FreeWake, explained in Bramesfeld and Maughmer [7] . FreeWake predicts the spanwise lift distribution and induced drag of the wing and empennage. Based on the spanwise lift-distribution prediction and the local chord-Reynolds numbers of various span sections, the profile drag is determined using look-up tables with the section-drag data. That data are based on either theoretical predictions or experimental results. The data are compiled in a relatively extensive database.
The use of a potential flow model is primarily based on the need to limit the computational effort without compromising accuracy. In contrast to potential flow, an approach using computational fluid dynamics requires unacceptably high computational resources, possibly without any significant gain in accuracy. The particular approach uses elements with distributed vorticity to represent the wing and its wake. For the wing model, the spanwise distribution of the bound circulation is described using a second-order spline. The subsequent wake consists of a continuous vortex sheet with a spanwise vorticity distribution that varies as a first-order spline. Even as a continuous vortex sheet, the wake can be of non-planar shape and for example, model the rollup of the shear layer behind a wing. Being able to model the wake rollup is especially important when investigating low aspect-ratio wings. A further strength of the employed potential flow method lies in its continuous nature that significantly reduces computational costs for load resolutions similar to that of other potential methods, such as vortex-lattice methods. In addition, the continuous model of the wake vorticity provides much greater numerical stability due to the absence of singularities as they are commonly encountered with conventional vortex-lattice or panel codes.
Although potential flow models are unable to capture viscous effects, a simple stall prediction model, outlined by McCormick [8] , was added to the potential flow code, which greatly enhances the aerodynamic solution with only insignificant computational cost. Whenever the predicted lift coefficient of a wing section exceeds the maximum lift coefficient of chosen airfoil, the stall module corrects the section lift coefficient to a fraction of the maximum airfoil lift coefficient.
In addition to wing and empennage drags, the contributions of other aircraft elements are predicted using either corrected flat-plate skin friction approximations or other semi-empirical approaches For example the fuselage drag is estimated using strip method of to determine the skin friction drag of the exposed surface area. Correction factors account for pressure-drag and interference losses. Other drag elements, such as landing gear drag, tail interference drag, are calculated using methods outlined by Hoerner [9] and Roskam [1] . In order to account for the addition of flaps to the aircraft, lift and drag modifications are developed based on standard methods of McCormick [8] , Roskam [1] , and Hoerner [9] . Although those individual contributions are relatively small, the sum of them can have a profound impact on the predicted overall aircraft performance.
Since the selection of propulsion unit and wing airfoil greatly influence the aircraft performance, extensive databases of those inputs allow for uncomplicated parametric studies. The databases consist of tabulated data that are based on results derived either in experiments or using theoretical prediction methods, such as MotoCalc for propulsion forces and XFOIL for section drags. The herein presented results primarily rely on those two methods for the used databases.
Aircraft Stability
Besides the aerodynamics, longitudinal static stability is prerequisite for successful flight of the design and has direct impact on the aircraft performance. Therefore to aid the assessment of stability during the design process, the numerical design tool iFly also predicts some basic stability characteristics based on the same aircraft configuration as used in the performance model. This way, for example, the feasibility of a certain empennage size can be assessed quite easily, thus allowing a design with minimized empennage and trim drag.
Using standard methods outlined by McCorrmick [8] and Etkin and Reid [10] , the stability module predicts the following parameters:
• locations of the aerodynamic centers of wing, the wing-body combination, and horizontal tail, • change in downwash at tail with respect to change in overall angle of attack, dε/dα, • location of the aircraft neutral point, • trim curves for several static margins, and • overall aircraft lift-curve slope. While the stability module of the design tool is significantly less complex than the performance module, it still provides very useful and important information to the designer about a particular aircraft configuration.
Simulation Structure and Parametric Studies
The devised numerical tool greatly aids the design process, in particular for the SAE Aero Design Competition. Through a single layer graphical user interface the user can input configuration parameters. A typical screenshot of that graphical user input is shown in Figure 2 . Beyond single parameters, it is possible to including parameter ranges for subsequent iterations. Examples of those iteration parameters are wing span, dihedral, taper, geometric twist, winglet features, and horizontal tail. In general the user input and output interfaces greatly simplify the design process and any parametric studies Based on the user defined input parameters the program executes a series as outlined in the flow diagram in Figure 3 . For each configuration, the particular drag and thrust behaviors are determined. Those data are used to "fly" the aircraft through its predefined mission. The simulation uses a kinematic theory based finite difference method scheme to perform flight calculations, along with a standard turn calculation outline by Hale [4] . The mission simulation includes a takeoff calculation, climb-out prediction, cruise, turns, approach, and landing. While advancing through the mission, the aircraft constantly goes through a series of checkpoints/gates to ensure that it is still able to fulfill the mission. Once the aircraft has either successfully completed all phases of the mission or has been unable to complete one portion of the flight plan, the simulation moves onto the next configuration. This sequence continues until all of the iterations that the user has defined are completed.
For each configuration the program provides the overall aircraft performance characteristics, such as drag polar, thrust behavior, as well as basic longitudinal static stability features. In addition, each time step of the simulated mission is written to a file for later post-processing. This file also includes the aircraft configuration and states during each step of the mission, such as thrust settings, flaps, airspeed, and accelerations. Special flags indicate if a particular aircraft configuration was unable to complete the mission. In summary, this output data provide the user with enough information to help with the decision of a final selection or if further parametric studies are needed. In addition, the data greatly assists with off-design point analyses. 
VALIDATION
Considerable effort was spent with the validation of the numerical design tool, in particular with its performance prediction. The validation included three main areas: comparison with other theoretical design tools, comparisons with wind experimental data, as well as correlations of flight performance data with observations of a design that was derived using the numerical tool iFly.
Comparison with XFLR5
An initial comparison of aerodynamic data generated using iFly with XLFR5 (downloaded 2010, http://www.xflr5.com). XFLR5 is an analysis tool for airfoils and wings that operate at low Reynolds numbers; this study utilizes XFLR5 3D potential flow panel method results to compare against iFly's results. The goal of this validation attempt is to ensure than the results that iFly produces is on-par or better than an existing low-Reynolds number 3D solver. The basic configuration of the simple wing of an aspect ratio of 10 is shown in Figure 4 . The configuration has typical chord-Reynolds number of approximately 600,000. An Eppler 423 airfoil was used for this study; it is a high-lift low-Reynolds number airfoil which is relevant to the eventual aircraft design that this code was used for. As seen in Figure 5 , both prediction methods yield very similar results with minor variations. iFly predicts slightly higher drag values, which is primarily due to iFly accounting for fuselage, interference, and trim drags. Furthermore, iFly has a stalling effect, thus exhibits a maximum lift point after which the lift decreases with a further increase in angle of attack. This behavior is not present in the result of XFLR5 since it lacks those capabilities. In spite of the small discrepancies, the two prediction methods agree well in general and very well for the lift curve slopes. 
Experimental Data
Three prediction cases were compared with experimental results. The first two cases are based on flight results of a full-sized sailplane of approximately 350-kg flight mass and of a small UAV of about 5-kg flight mass. The third comparison is with wind-tunnel results using two different kinds of micro aerial vehicles, a monoplane and biplane configuration. The three test cases demonstrate the ability of the numerical tool to cover a wide range of operational Reynolds numbers.
The computational prediction and curve-fitted flight test results, from Bickle [11] , of the sailplane are plotted together Figure 6 . The single-seat sailplane, a Standard Cirrus, has a 15-m wingspan and is a typical high-performance sailplane. Overall, the predictions agree very well with the flight-test data. Some differences are apparent at low lift coefficients and close to stall. The difference at the stall area of the aircraft is somewhat expected due to separated flow causing highly nonlinear aerodynamics. The low-order stall model of the prediction method is unable to fully capture the complete unsteady nature of stall. Nevertheless, it predicts maximum lift and stall in satisfactory manner that is sufficient for the design process. The differences between prediction and flight test at high speed can, at least partially, be attributed to increased error during the collection of data at high flight speeds. In addition, flight-test data tends to have more data scatter and larger margins of error at high speed. Taken as a whole, it can be summarize that the prediction of the numerical design tool iFly performs quite well for chord-Reynolds numbers from about 2,000,000 down to about 500,000.
Figure 6. Experimental Data of Cirrus Sailplane compared to iFly predictions
The second case of experimental data, provided by Edwards [12] looked at flight test results using a 5-kg model sailplane that has a wingspan of 5 m and a high aspect ratio. Its chord-Reynolds number range of about 50,000 to 100,000 is close to the ones typical for the configurations the numerical design tool iFly is intended. The comparison of the results can be viewed in Figure 7 . While the agreement is quite good for a majority of the flight range, especially at higher lift coefficients (low-Reynolds numbers), noticeable disagreements exist at small lift coefficients (high velocity/Reynolds numbers). Very similar to the previous validation case of the high-performance sailplane, those differences can be attributed to inaccuracies and large scatter in the flight-test results at high speeds and the profile drag predictions of Xfoil being too low. The final validation case containing experimental results, from Thipyopas and Moschetta [13] , looks at the behavior of a low-aspect ratio wing, aspect ratio of two, which is a typical value for many small UAVs and micro aerial vehicles. The wind-tunnel and prediction results are shown in Figure 8 and are based on a monoplane and a biplane configuration. Each of the wing panels had an inverse-Zimmerman planform, which has an elliptical chord distribution along the span and a 3 ⁄ 4-chord line without sweep. For experiment and simulation the Reynolds number based on the center chord was fixed at 66,000 and 126,000 for biplane and monoplane, respectively. As in the previous cases good agreement exists between the two results despite minor differences. In summary, the performance prediction of the numerical design tool provides a good reflection of the expected performance of a design. The discussion in the next section supports this claim, where prediction results are compared with flight observations of a design that was developed using iFly. 
Comparison with Flight Observations
Saint Louis University's 2010 SAE Aero Design Advanced Class aircraft provided the experimental test bed that was used to contribute to the validation of the performance model of the numerical design tool iFly. Mainly, the measured ground velocities during the take-off ground roll were compared with the model's predictions. As shown in Table 1 , measured and predicted velocities during ground roll agree extremely well. It is difficult to compare takeoff distances directly. The performance model iFly is a structured program that decides that rotation speed is reached once the stall speed is exceeded by 10 percent. In contrast to that, in flight test the pilot decides to take off at his/her discretion, as long as the aircraft is above stall speed, and not at the exact velocity that the model predicts. Therefore, the comparison of ground velocity at various distances along the runway provides for a sufficient validation case. The ground velocities were recorded from videos taken during flight testing. Hash marks located along the distance of the runway provided a reference. As recorded by video, the aircraft takes off after 60m each time based on pilot decision. Thus, the velocities are compared at 23m and 45m. The values in Table 1 display only minor differences between prediction and the actual behavior seen in the flight-test videos. It is important to note that error does exist in comparing theory to actual experiment due to the uncontrolled circumstances present during the flight test. This case clearly demonstrates the validity of the aircraft drag and thrust model for the most important part of the performance model. Limited testing time available restricted any further validation using flight test data. Further time would have been needed to perform ground roll velocity tests on other available aircraft.
Overall, it can be concluded that the numerical prediction model iFly agrees quite well with experimental results over wide range of flight Reynolds numbers. In addition the theoretical performance model predicts well takeoff conditions, which is an important part for the SAE Aero Design. In the next section, the numerical design tool is used for parametric studies for the design of a small heavy-lifting UAV. 
DESIGN OF A SMALL UAV USING AN INTEGRATED DESIGN APPROACH
Using the previously described numerical design tool, a small UAV was designed for the 2011 SAE Aero Design Advanced Class competition, a collegiate UAV design contest. The subsequent aircraft, which is shown in Figure 9 , was realized within 3 months from the initial conception to the final contest entrance, including several trade studies and the design of the tool. Ultimately, the design proved to have good performance and handling qualities and placed 2nd and 3rd place overall at the West and East competitions respectively. The aircraft had a wingspan of 3m (~10 ft). Its empty and maximum takeoff weights were 7.7 kg (17 lb) and 25 kg (55 lb), respectively. In this section, the design and the design process are outlined. Some of the trade studies are discussed to highlight the capabilities of the design tool. With the need for a practical and successful design in the short time frame of about two months, the numerical design tool iFly was used extensively during the design process. The design process itself was split into two main steps: performing trade studies to determine the configuration layout of the aircraft, and the use of iFly to perform an extensive analysis of the trade space in order to settle on a final configuration. As briefly stated, the first step of these design process focused on the selection of the configuration and layout of the desired aircraft. iFly was used only to perform single point analysis on different aircraft in order to help support the ongoing trade studies to determine the final configuration and layout. This effort showed that while iFly can be easily used to supplement initial parametric studies, a comprehensive understanding of the mission requirements can significantly reduce the time needs for that design phase. Once this process was completed, the basic configuration and layout for the UAV was selected and based on simple calculations, an initial possible solution space was created. The second phase of this design process focused on using the numerical design tool to analyze the general design space that was generated. This provided valuable information to the designer in order to further reduce the viable design space until the desired solution was reached. Parametric studies were performed on the geometric dimensions of several of the aircraft components in order fully develop an understanding of how these parameters affected the performance of the aircraft. An example is given for the parametric study of the wing's taper ratio, while keeping the span and root chord constant, and its effect on stall velocity and take-off distance; these studies are shown as examples in Figures 10 and  11 , respectively. These figures are only meant to be a highlight of the design process. Nevertheless, it can be seen that the two graphs show an inverse relationship to each other; showing that while a rectangular planform may result in a lower stall velocity, it also results in an increase in take-off distance. While only a small change in stall velocity is seen in Figure 10 , it exemplifies the sensitivities that the design code is able to pick up when performing analysis. This example highlights the importance of having the ability to easily compare aerodynamic results to holistic value for the aircraft specific mission. This and several other, similar trade studies allowed for a fast narrowing down to the final aircraft configuration. The analysis of the trade space became highly efficient using the numerical design tool and was completed in less than 2 weeks. Subsequently, the entire design process (which includes paper design, manufacturing, testing, and flying) was greatly streamlined, thus freeing up more time for other aspects that were relevant for this type of student design competition, such as testing, manufacturing, and flying of the aircraft. Overall, this approach can potentially result in a highly tailored small UAV design process that requires less than a month. With a typical six-to seven-month turnover required for student UAV design competitions (from the release of the rules to the competition date), this leaves a multitude of time for increased empirical testing, manufacturing, and flight testing. In previous years, several design teams that participated in these small UAV competitions would spend upwards to 2-3 months on the design process using traditional design methods. The herein introduced numerical design tool, iFly, provides a significant time advantage over traditional methods, with typical analysis cases spending less than 1 minute per aircraft, while providing high-order analysis to design aircraft with great handling qualities and flight characteristics; as shown by the success of the outlined design.
CONCLUSIONS
Traditional design methods yield time intensive and potentially inaccurate solutions when employed for the design of a small UAV; especially one that is to be utilized for a student design competition or for university research. Therefore an integrated aircraft design and performance prediction tool, iFly, was created to be a more time efficient, user friendly, and a more UAV-appropriate aircraft design code. iFly consists of aerodynamic, performance, and stability and control models in order to predict a designs characteristics. The heart of the design tool is a potential flow method, entitled FreeWake, which is able to accurately and efficiently predict the non-linear aerodynamics that occur at low-Reynolds number flight. iFly has been through five simple validation cases which test the accuracy of the aerodynamic and performance models embedded in the code. The aerodynamic validation attempt show positive results for a wide range of aspect ratios and Reynolds numbers. Most importantly, iFly was utilized for the design of a small UAV competing in a UAV student design competition, and what resulted was a reliable and successful aircraft that was designed in less than one month; which yielded a time savings of about 2/3 when compared to the time required for a typical design. This aircraft performed very well at the competition and had very favorable handling characteristics during flight.
Further improvements to the code will include improving the accuracy of the flight performance model by moving to a small-perturbation theory based simulation. This will simultaneously improve the stability model within the code and provide for control surface design. Also, this will result in the need to perform more validation attempts which focus on the flight simulation aspect of the performance model. An option to include a geometric output of the aircraft will also be included as a future improvement. Also, the inclusion of a multi-objective evolutionary algorithm based optimizer is in the process of being added to the code. The user will have the ability to select the objectives he/she wants to optimize, and then the module will provide a family of non-dominated solutions, a praetor optimal set, to the designer to select from.
